demonstrate such dual-labeled AuNP tube architectures. The image shown in Fig. 4A contains a single spiral of 5-nm AuNPs wrapped around a single spiral of 10-nm AuNPs (an architecture resembling a double helix). The image shown in Fig. 4B contains a double spiral of 5-nm AuNPs wrapped around a double spiral of 10 nm AuNPs (an architecture resembling a quadruplex). From the design, it is expected that the steric repulsion force among the 10-nm particles is greater than that among the 5-nm AuNPs so that the tubes would tend to have the 5-nm AuNPs wrapped inside and the 10-nm AuNPs displayed outside. However, when these tube samples were imaged by cryo-EM (Fig. 4, A and B ) in which the native conformations of the tubes were preserved, the two AuNP sizes seemed to stay at about the same layer. It is possible that the 5-nm AuNPs repel one another sufficiently that they are squeezed outward through the gaps between the arms of the two DNA crossovers.
These types of AuNP superstructures and 3D complexities reflect the kind of complex architectures that naturally existing systems display (for example, diatoms) but with artificial control of precision at nanometer scales. By further engineering the tile structures, it should be possible to place different sizes or types of nanoparticles in or outside of the tubes. For example, self-assembled nanoinductors could be constructed when magnetic nanoparticles are placed inside of spiral wires made of metallic nanoparticles, which might represent a substantial advancement in small-scale device applications. 
Declining Coral Calcification on the Great Barrier Reef
Glenn De'ath,* Janice M. Lough, Katharina E. Fabricius
Reef-building corals are under increasing physiological stress from a changing climate and ocean absorption of increasing atmospheric carbon dioxide. We investigated 328 colonies of massive Porites corals from 69 reefs of the Great Barrier Reef (GBR) in Australia. Their skeletal records show that throughout the GBR, calcification has declined by 14.2% since 1990, predominantly because extension (linear growth) has declined by 13.3%. The data suggest that such a severe and sudden decline in calcification is unprecedented in at least the past 400 years. Calcification increases linearly with increasing large-scale sea surface temperature but responds nonlinearly to annual temperature anomalies. The causes of the decline remain unknown; however, this study suggests that increasing temperature stress and a declining saturation state of seawater aragonite may be diminishing the ability of GBR corals to deposit calcium carbonate.
T here is little doubt that coral reefs are under unprecedented pressure worldwide because of climate change, changes in water quality from terrestrial runoff, and overexploitation (1) . Recently, declining pH of the upper seawater layers due to the absorption of increasing atmospheric CO 2 [termed ocean acidification (2)] has been added to the list of potential threats to coral reefs, because laboratory studies show that coral calcification decreases with declining pH (3) (4) (5) (6) . Coral calcification is an important determinant of the health of reef ecosystems, because tens of thousands of species associated with reefs depend on the structural complexity provided by the calcareous coral skeletons. Several studies have documented globally declining coral cover (7) and reduced coral diversity (8) . However, few field studies have so far investigated long-term changes in the physiology of living corals as indicated by coral calcification.
We investigated annual calcification rates derived from samples from 328 colonies of massive Porites corals [from the Coral Core Archive of the Australian Institute of Marine Science (9, 10)] from 69 reefs ranging from coastal to oceanic locations and covering most of the >2000-km length of the Great Barrier Reef (GBR, latitude 11.5°to 23°south; Fig. 1 , A and B) in Australia. Like other corals, Porites grow by precipitating aragonite onto an organic matrix within the narrow space between their tissue and the previously deposited skeletal surface. Massive Porites are commonly used for sclerochronological studies because they contain annual density bands (11) , are widely distributed, and can grow for several centuries. Numerous studies have established that changes in environmental conditions are recorded in their skeletons (12) .
Annual data for three growth parameters [skeletal density (grams per cubic centimeter), annual extension (linear growth) rate (centimeters per year), and calcification rate (the Australian Institute of Marine Science, Townsville, Queensland 4810, Australia.
*To whom correspondence should be addressed. E-mail: g.death@aims.gov.au product of skeletal density and annual extension; grams per square centimeter per year)] were obtained from each colony with the use of standard x-ray and gamma densitometry techniques (10, 13) . Mean annual sea surface temperature (SST) records were obtained from the HadISST1 global SST compilation (1°-square resolution) for the period 1900-2006 (14, 15) (Fig. 1 , A and C). The composite data set contains 16,472 annual records, with corals ranging from 10 to 436 years in age, most of which were collected in two periods covering 1983-1992 and 2002-2005 (Fig. 1B) .
Preliminary exploratory analysis of the data showed strong declines in calcification for the period 1990-2005, based on growth records of 189 colonies from 13 reefs. Despite high variation of calcification between both reefs and colonies, the linear component of the decline was consistent across both reefs and colonies for 1990-2005. Of the 13 reefs, 12 (92.3%) showed negative linear trends in calcification rate, with an average decline of 1.44% year −1 (SE = 0.31%), and of the 189 colonies, 137 (72.5%) showed negative linear trends, with an average decline of 1.70% year −1 (SE = 0.28%). To determine whether this decline was an ontogenetic artifact, we compared these findings with similar analyses of the past 15 years of calcification for each of the remaining 139 colonies sampled before 1990. In this group, linear increases and declines were approximately equal in number, with 29 of the 56 reefs (51.7%) declining at an average rate of 0.11% year −1 (SE = 0.18%), and 68 of the 139 colonies (48.9%) declining at 0.16% year
(SE = 0.21%). This strongly suggests that the 1990-2005 decline in calcification was specific to that period, rather than reflecting ontogenetic properties of the outermost annual growth bands in coral skeletons. Because of the imbalance of sampling intensity over years and the desire to focus on time scales varying from a few years to centuries, the records were broken into two data sets for further analyses. The 1900-2005 data set contained all 328 colonies, whereas the 1572-2001 data set focused only on long-term change and contained 10 long cores from colonies that covered all or most of that period.
The dependencies of calcification, extension, and density of annual growth bands on year (the year the band was laid down), location (the relative distance of the reef across the shelf and along the GBR), and SST were assessed with linear mixed-effects models (16) [supporting online material (SOM)]. SST covaries strongly with space and year (Fig. 1 , A and C), and to understand the confounding of these effects and to assist in the interpretation of temperature effects, SST was partitioned into three components: the large-scale spatial trend (SST-SPAT; predominantly latitudinal), the long-term temporal trend (SST-TEMP), and the anomalies (SST-ANOM). The latter represent annual deviations from the large-scale and long-term trends in SST. The models included fixed effects in year, SST components, and location, and random effects in reef, colony, and year (SOM). Fixed effects were represented as smooth splines, with the degree of smoothness being determined by cross-validation (17) . Results are illustrated through partial-effects plots. Three sets of analyses were conducted; the first and second focused solely on temporal change and used the 1900-2005 and 1572-2001 data sets, whereas the third used only the 1900-2005 data set but also included the three SST components and the relative distance across the shelf and along the GBR.
The temporal models of calcification, extension, and density from the 1900-2005 data showed strong patterns of change (Fig. 2, A to C) The 1572-2001 data showed that calcification increased in the 10 colonies from~1.62 g cm −2 year −1 before 1700 to~1.76 g cm -2 year -1 iñ 1850, after which it remained relatively constant before a decline from~1960 (Fig. 2D) . However, this finding should be treated with caution because of the small sample size (7 reefs and 10 colonies).
Smooth terms in the three SST components and two spatial predictors (across and along the reef) were then added to the temporal models of the 1900-2005 data. SST-TEMP and distance across and along the GBR were nonsignificant and were omitted from all models (SOM); and year, SST-SPAT, and SST-ANOM were retained (Fig. 3) . The models showed that calcification varied little between 1900-1990, followed by a decline since 1990 from 1.76 to 1.51 g cm
, or 14.2% (SE = 2.3%). As with the purely temporal model, this was largely due to a decline in extension rate from 1.43 to 1.24 cm year −1 (13.3%, SE = 2.1%). The variation in density over this period was indistinguishable from the purely temporal model. Calcification also increased linearly with SST-SPAT at a rate of 0.122 g cm −1 (SE = 0.041), corresponding to an increase of 0.36 g cm −2 year −1 from south to north of the GBR due to the 3°C mean temperature difference. Calcification also decreased with negative SST-ANOM values but was highly variable for positive SST-ANOM.
The causes for the GBR-wide decline in coral calcification of massive Porites remain unknown, but this study shows that the causes are probably large-scale in extent and that the observed changes are unprecedented within the past 400 years. Cooper et al. (18) previously demonstrated a 21% decline (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) in the calcification rate of 38 small Porites colonies; however, the study was limited to two GBR inshore locations; comprised short time series, thereby precluding comparison with earlier periods; and local environmental effects such as coastal influences could not be excluded. Factors known to determine coral growth and calcification include competition for space, water quality, salinity, diseases, irradiance, currents, large-scale and longterm oceanographic oscillations, SST, temperature stress, and carbonate saturation state (6, 10, 19) . Competition with neighboring corals is unlikely to have intensified during a period when coral cover has either remained similar or declined on most GBR reefs (7) . Terrestrial runoff and salinity, although potentially affecting inshore reefs (20) , are also unlikely causes because calcification declines at similar rates on offshore reefs away from flood plumes. Diseases can also be excluded because only visibly healthy colonies were sampled. Benthic irradiance depends on turbidity and cloud cover, but there are no data suggesting they have recently changed at GBR-wide scales. The Interdecadal Pacific Oscillation has been associated with changing currents and pH in a lagoon (21); however, these and other large-scale long-term oceanographic oscillations can be excluded because they would have affected Porites calcification not only after 1990 but throughout the observation period. Hence, by excluding these potential alternatives, we suggest that SST and carbonate saturation state are the two most likely factors to have affected Porites calcification at a GBR-wide scale.
SST is an important environmental driver of coral growth. Our data confirmed previous studies (10, 22) that coral calcification increases linearly with large-scale mean annual SST. However, studies addressing shorter time periods show declining calcification at both high and low SST (18, 23, 24) and that thermally stressed corals show reduced calcification for up to 2 years (19) . In our study, calcification was likewise reduced during coolerthan-average years (negative SST-ANOM). However, during warmer years it was highly variable, suggesting increasing calcification in some warm years but declines in others. This is possibly due to the year-averaged SST-ANOM inconsistently reflecting short hot periods that reduce calcification during warm years. The recent increase in heat stress episodes (25) is likely to have contributed to declining coral calcification in the period 1990-2005.
The supersaturation of tropical sea surface waters with the calcium carbonate mineral forms calcite and aragonite is considered a prerequisite for biotic calcification, with saturation state being a function of pH and temperature. Since industrialization, global average atmospheric CO 2 has increased by~36% (from 280 to 387 parts per thousand), the concentration of hydrogen ions in ocean surface waters has increased by~30% (a 0.1 change in pH), and the aragonite saturation state (W arag ) has decreased by~16% (6, 26) . Studies based on meso-or microcosm experiments show that reduced W arag , due to the doubling of CO 2 as compared with preindustrial levels, reduces the growth of reef-building corals by 9 to 56% (6), with most of these experiments suggesting a linear relationship between calcification and W arag .
W arag data from the GBR or adjacent waters are sparse, but estimates of a global decline in W arag of 16% since the beginning of global industrialization are similar in magnitude to our finding of a 14.2% decline in calcification in massive Porites. However, the decline in calcification observed in this study began later than expected, based on the model of proportional absorption of atmospheric CO 2 by the oceans' surface waters (26) . Thus, our results may suggest that, after a period of a slight increase in extension and prolonged decline in density, a tipping point was reached in the late 20th century. The nonlinear and delayed responses may reflect synergistic effects of several forms of environmental stress, such as more frequent stress from higher temperatures and declining W arag . Laboratory experiments have provided the first evidence documenting strong synergistic effects on corals (27) , but clearly more studies are needed to better understand this key issue.
Laboratory experiments and models have predicted negative impacts of rising atmospheric CO 2 on the future of calcifying organisms (5, 6) . Our data show that growth and calcification of massive Porites in the GBR are already declining and are doing so at a rate unprecedented in coral records reaching back 400 years. If Porites calcification is representative of that in other reef-building corals, then maintenance of the calcium carbonate structure that is the foundation of the GBR will be severely compromised. Verification of the causes of this decline should be made a high priority. Additionally, if temperature and carbonate saturation are responsible for the observed changes, then similar changes are likely to be detected in the growth records from other regions and from other calcifying organisms. These organisms are central to the formation and function of ecosystems and food webs, and precipitous changes in the biodiversity and productivity of the world's oceans may be imminent (28) .
